Catalogue Data
The purpose of this study was to estimate the genetic and environmental contribution to variation in skeletal muscle mass and strength. In addition, important determinants were analyzed by stepwise multiple regression. In a large (N = 748) sibling pair sample of young brothers, ages 24.3 ± 4.5 years, upper-limit heritabilities (t 2 Baecke, appeared 
) were estimated as a proportion of genetic and shared environmental variability over total phenotypic variability by the variance components method in QTDT. Maximal isometric strength measures of knee, trunk, and elbow had higher t 2 (82 to 96%) than concentric strength (63 to 87%) on Cybex isokinetic dynamometers. Indicators of muscle mass revealed very high transmissions (>90%) whereas t 2 was lower for adiposity (<70%). Stepwise regression showed that fat-free mass was the primary determinant in knee and trunk strength (partial explained variance, R 2 = 33-45%), but a local muscularity estimate (forearm circumference) was the main covariable for elbow strength (partial R 2 = 18-39%). In this sample neither age nor physical activity, measured by the sport index of

Introduction
Skeletal muscle mass and function are multifactorial traits influenced by a wide range of genetic and environmental factors. From a health perspective this largest body tissue is an interesting area of research. A good level of muscular fitness is important for performing the physical tasks of daily living (Landers et al., 2001; Rantanen et al., 1994; Roubenoff, 2000) , and indicators of the functional status of skeletal muscle (strength, endurance, power) are associated with health status (Payne et al., 2000; Roubenoff, 2000; Warburton et al., 2001 ) and even with mortality (Katzmarzyk and Craig, 2002; Roche, 1994) .
Twin and family studies have shown that genes are important regulators of muscle mass and strength (Beunen et al., 2003; Bouchard et al., 1997; Frederiksen and Christensen, 2003) . However, a yearly update of the "The human gene map for performance and health-related fitness phenotypes" (Rankinen et al., 2002) shows that so far only a few genetic variants are found to be associated with muscle strength/mass. Muscle mass is often measured by circumferences (anthropometric) or radiographic thickness, and the heritability estimates (h 2 ) range from 0.20 to 0.95 (Katzmarzyk et al., 2001; Loos et al., 1997; Perusse et al., 1987; . The impact of heredity on muscle strength has an even wider range, h 2 0.0 to 0.97 (Jones and Klissouras, 1986; Komi et al., 1973; Thomis et al., 1998) . This is probably caused by a wide variation in study design (twin vs. family), statistical analyses (correlation vs. variance components), sample size, age, gender, and assessment of muscle strength. Most studies used field motor tests (hand grip, arm pull, jumps). Few have used isotonic or isokinetic dynamometers (different contraction modes, angles, velocities, dynamometers, instructions).
Only twin studies with parental data can classify the total phenotypic vari-ance into genetic (additive and/or dominance) and environmental (unique and/or shared) sources of variation. Other family studies such as sibling pairs or parentoffspring are restricted to determining familial resemblance by transmissibility estimates, for which no distinction can be made between genetic and shared environmental factors. These estimates can thus be an overestimation of the pure genetic heritability but might be a more realistic approach of the total contribution to variability from transmissible factors that parents pass on to their offspring through genes and environment. Since muscle function-strength, endurance, power-is a complex phenotype, it is important to determine the correlates of muscle function for a given population in order to make appropriate corrections when analyzing strength phenotypes (Bouchard and Malina, 1983) . For example, there is an extensive body of evidence about the detrimental effects of aging on muscle mass and function (Izquierdo et al., 2001; Landers et al., 2001; Metter et al., 1999) , but samples with a small age range require no correction.
Muscle mass, lean mass, or fat-free mass are other important determinants of muscle strength; these can be measured or estimated by expensive methods such as underwater weighing, CT scan, or DEXA scan, but also by simple and inexpensive field methods such as anthropometry or bioelectrical impedance. Consequently, a wide range of correlations (0.28-0.92) are reported between regional or total body muscle mass estimates and muscle strength of different limbs (Housh et al., 1996; Hulens et al., 2001; Maughan et al., 1983; Schantz et al., 1983) . These correlations and the physiological link with muscle strength suggest that muscle mass is an important determinant of muscle strength. Furthermore, the relationship between strength training and strength gain is well established. Roth et al. (2000) give a good review of the effects of strength training for the prevention and treatment of sarcopenia, but whether daily physical activity is a good predictor of muscle strength is less well known. In adolescents and adults, Philippaerts et al. (1999) and Lefevre et al. (2000) show beneficial correlates of regular physical activity with physical fitness in general and with some strength measures in particular.
The present study addresses three research questions in a large sample of young healthy men: (1) What is the upper-limit heritability of muscle mass and muscle strength? (2) What are the main somatic determinants? (3) Are age and physical activity determining factors?
Methods
SUBJECTS
Through local and national advertisements, we recruited 748 male Caucasian siblings from 335 families from the Flanders region in Belgium to volunteer in the Leuven Genes for Muscular Strength project (LGfMS). Age range for the sibs was 17-36 years and, other than being healthy, no criteria were set regarding physical activity (PA) or sports participation, due to practical problems of recruiting a large group of volunteers meeting these criteria. Subjects were informed of the testing procedures and possible risks before giving written informed consent to participate. The study was approved by K.U. Leuven's Committee for Medical Ethics.
When addressing the issue of upper-limit heritability estimations, we included an additional data set. An age-matched (17.5-30 yrs) sample of 25 monozygotic and 16 dizygotic male twins from the Twin & Training Study (Thomis et al., 1998) was selected since comparable maximal elbow torque measurements and somatic characteristics were available.
MEASUREMENTS
Muscle Strength. Three joints were first tested isometrically and then concentrically on isokinetic dynamometers: knee (Cybex NORM), trunk (Cybex TEF), and elbow (Cybex 350) (Lumex Inc., Ronkonkoma, NY). After a warm-up of 5-10 min on an ergometer cycle and light stretching exercises, subjects were put in a standardized position in accord with the manufacturer's instructions. Movement of other limbs was constrained by straps around trunk, upper leg, or upper arm. Anatomical zero was set at full extension of the knee, trunk, and elbow, and the rotation axis of the joint under study was aligned with the mechanical axis of the dynamometer.
Two isometric and four concentric trials preceded the actual tests so that subjects could become familiar with the testing procedure as to angle, range of motion, or velocity. Maximal isometric knee and elbow strength was tested at two angles (30°/60° and 40°/100°, respectively), and trunk strength was measured at a 30° angulation. At each angle the highest torque value during a 6-sec isometric contraction of three maximal flexion and extension contractions was retained for further analysis. Subjects were given a 30-sec rest period between each contraction. Peak torque, power, and work were measured at three angular velocities with a different number of repetitions: 3 reps at 60°/s, 5 reps at 240°/s, and 25 reps at 120°/s for the knee and elbow; 3 reps at 60°/s, 5 reps at 120°/s, and 25 reps at 75°/ s for the trunk. Muscle endurance was tested in the last set (25 reps at 120°/s or 75°/s) by calculating the relative decline in maximal torque between the first and last 5 reps. Subjects were verbally encouraged to perform at their maximum, and they received visual feedback of their performance after each test.
Anthropometry. An extended set of 32 anthropometric dimensions was taken: body mass, 6 length dimensions (height, sitting height, upper-arm length, forearm length, suprapatellar height, and thigh length); 4 breadth dimensions (biacromial and biiliac diameters, humerus and femur widths); 11 circumferences (upper arm flexed and relaxed, forearm, wrist, waist, hip, upper thigh, midthigh, suprapatellar, calf, ankle); and 10 skinfolds taken with a Harpenden skinfold caliper (biceps, biceps medial, triceps, forearm lateral and medial, subscapular, suprailiac, front thigh, calf medial, and lateral). All measurements were taken by experienced anthropometrists who followed the procedures described by Claessens et al. (2000) . In addition, sum-of-10 skinfolds and body mass index (BMI; kg/m 2 ) were calculated. Cross-sectional areas of upper arm and midthigh were corrected for skinfolds and are used as an estimate of muscle + bone area (MBA) at these locations . Based on geometrical assumptions, muscle volume of the total arm and leg was estimated (Jones and Pearson, 1969) .
Body Composition. Somatotype components-endomorphy, mesomorphy, ectomorphy-were determined via the anthropometric Heath-Carter method (Carter and Heath, 1990) . Body density was estimated using the skinfold equation of Durnin and Womersley (1974) . Transformation of density by the Siri equation resulted in estimations of percentage body fat (%fat), fat mass (FM), and fat-free mass (FFM), but a logarithmic transformation of %fat was needed due to its non-normal distribution (log %fat).
Physical Activity. The Baecke physical activity questionnaire (Baecke et al., 1982) with extra questions about strength training (history) and health habits (smoking, drinking, and medication) was included. The Baecke sport, work and leisure time indices were derived from this questionnaire.
STATISTICAL ANALYSES
Upper-limit heritabilities or transmissibilities (t 2 ) of muscle mass and strength measures were estimated in QTDT by variance components analysis (Abecasis et al., 2000) . A (full) model with polygenic factors (G) and unique environmental factors (E) was tested by maximum likelihood methods to a null model with only environmental factors. The -2ln likelihoods of the null and full models were compared and followed a χ 2 distribution of 1 df. The significance of a polygenic factor (p < 0.05) was tested by a χ 2 test for 1 df. Sib pairs share on average half of their genetic material; consequently, when a sibling correlation exceeds 0.5, it is likely due to shared environmental factors (C) that make people more alike. Therefore a GCE model was tested against a GE model for phenotypes with sibling correlations >0.5 in the LGfMS sample.
Upper-limit heritability estimates of the sib pairs study (LGfMS) were compared with a sample of 25 monozygotic and 16 dizygotic male twins from the Twin & Training (T&T) study (Thomis et al., 1998) . The twins were age-matched (22.4 ± 3.7 yrs), had no prior strength training history, and were similar in body composition. Moreover, similar maximal torque measurements were taken of isometric and concentric elbow strength. These measurements are described in more detail in Thomis et al. (1998) . In twin data, the significance of a common environmental factor can be tested even with sibling correlations below 0.5, so we included a test for a GCE vs. GE model. In addition, since QTDT is a rather new software program, the twin data were also used to compare its results with the same data analyzed by a widely accepted structural equation program, Mx (Neale et al., 1999) . Thus the results from the QTDT analyses were compared as follows: (1) Is the parameter estimation on a large sample of sib pairs comparable with estimations from other twin studies? (2) Is the parameter estimation from QTDT comparable with estimations from the structural equation program Mx obtained from data collected previously?
Stepwise regression analysis for knee, trunk, and elbow strength variables was performed on one sib randomly chosen from each family (n = 335) to avoid dependency of observations. Fat-free mass, age, Baecke sport index, somatotype components, regional specific circumferences, muscle + bone areas, and muscle volumes were used as predictor variables. Alpha level was set at 0.15 for inclusion/ exclusion of a determinant in the SAS statistical software package 6.12 (Cary, NC). Results Table 1 reports the mean and standard deviation of the anthropometric characteristics and sport index, used as predictor variables in the multiple regression, together with the upper-limit heritabilities. The 748 male subjects (24.3 ± 4.5 yrs) had an average weight of 74.2 kg (± 10.2 kg) and height of 180.4 cm (± 6.5 cm); they had a mean BMI of 22.8 kg/m 2 (± 2.8 kg/m 2 ) and total body fat of 15.9% (± 5.6%). Average strength scores and variability in elbow, knee, and trunk flexor and extensor muscle strength are listed in Tables 2 and 3 . The expected strength-velocity relationship is confirmed for the knee and elbow joints, where we observed a reduction in peak torque of 45% and 55% for knee flexion and extension, respectively, and of 37% and 41% for elbow flexion and extension from isometric strength to peak torque at 240°/s. The strength-velocity curve for trunk extension does not follow such a clear trend (10% decrease from isometric to 120°/s); however, a 29% reduction in peak flexion torque is observed with increasing velocities (data not shown). Reported in Thomis et al. (1998) ; c Additive + dominant genetic factors. Figure 1 shows the transmissibilities (t 2 ) of maximal isometric and concentric strength. Transmissibilities of static strength (82-96%) are higher than those of dynamic strength (63-87%), and the 90% average t 2 of elbow strength measures is substantially higher than the 70% average knee and 77% average trunk strength. Muscle mass as estimated by muscle + bone areas, circumferences, muscle volumes, mesomorphy, and FFM show very high t 2 (>90%) except for circumferences of the lower limbs and trunk, which are somewhat lower (Table 1) . Transmissions of adiposity estimates from sum-of-10 skinfolds and logarithm of % body fat are clearly lower (<70%). Similarly, endomorphy, as an indicator of body shape rather than an estimation of body composition, also has lower transmissibilities. For anthropometric variables, similar models (GE) and parameter estimates were found in both the Leuven Genes for Muscular Strength (LGfMS) and the Twin and Training (T&T) group (Table 2) . Although we intended to select strength dimensions in both samples with the highest possible biomechanical similarities, there remain some differences in angulation in isometric torque between the two data sets, but not for concentric strength. However, if for isometric torque the proportions of explained variance by G and C are summed in the LGfMS sample (0.30 + 0.42 = 0.72, and 0.40 + 0.37 = 0.77), it appears to be close to the estimated G in the T&T study (0.78 and 0.53, respectively), but this is not the case for concentric strength (Table 2 ). Both mean values and total variation show large differences (e.g., torque at 120°/s: mean 24.48 Nm vs. 43.13 Nm and variance 54.02 vs. 96.49 for T&T and LGfMS, respectively) which could help explain the differences in model fitting between the LGfMS and T&T.
Table 3 Results of Stepwise Multiple Regression Analyses of Significant Predictor Variables in 335 Male Siblings From LGfMS
The inclusion of anthropometric and elbow strength data of the T&T study that were analyzed with the structural equation program Mx made it possible to compare the G (genes), C (common or shared environment), and E-estimates (unique environment) with those estimated by QTDT. The heritability (G) and E param-eters for the anthropometric measurements of arm circumference, muscle area, and BMI obtained from the QTDT analyses are very similar to those from Mx, with point estimates of the G component being well within the confidence intervals of the estimates reported earlier. The highest difference in t 2 estimate was observed for the CT-scan based muscle area (t 2 Mx = 0.92; t 2 QTDT = 0.85). Also for the elbow strength characteristics, the results from the QTDT analyses are similar to those from the Mx analyses (Table 2) .
MULTIPLE REGRESSION
In almost every multiple regression equation, fat-free mass (FFM) is the only important determinant for the strength phenotypes (Table 3 ; not all regressions shown). Total explained variance (R 2 ) ranges between 44-47% for the knee, 34-45% for the trunk, and 28-49% for the elbow. Table 3 also shows the partial R 2 of each contributing variable, and FFM is the major determinant in knee and trunk strength. The additional determinants only account for a small portion of the explained variance.
Age is the second most frequent determinant, but this is not shown by its partial R 2 since it does not account for more than 3.8% of the total variance (isometric knee flexion at 60°). Circumference of the forearm and fat-free mass are the main determinants of elbow strength. The somatotype components of mesomorphy and endomorphy are, to a lesser extent, also important for trunk and elbow strength. For the endurance ratios, 3 to 8% of the total variance could be explained by a linear combination of the predictors included in this study. When FFM was not included as an independent variable, more predictors in the regression equation were needed and the proportion of explained variance was smaller (data not shown).
Regression of the Baecke sport index on different muscle mass indicators revealed that only for the muscle + bone area of the midthigh was the sport index a significant (p = 0.02) predictor, although R 2 was small (1.6%). Other muscularity indices were not determined by sports-oriented physical activity as quantified by the Baecke sport index (data not shown).
Discussion
Variance components analysis on sib-pair phenotypic data in QTDT tests a null model (Ve: only environmental variance) against a full model (Ve+Vg: environmental and polygenic variance). No distinction between genes and shared environmental factors can be made when the data of sib pairs is the only information available, unless observed correlations between siblings are >0.50. Therefore, this study reports upper-limit heritabilities or transmissibilities (t 2 ) rather than genetic heritabilities (h 2 ). Transmissibility estimates were higher for isometric than for concentric maximal strength (Figure 1) . This is consistent with other published studies and an overview is given in Maes et al. (1996) and Thomis et al. (1998) . Estimates found in this study are very high, but it should be noted that these transmissions include the common environmental factor, so the estimate is inflated and does not necessarily represent the narrow genetic heritability.
The higher t 2 for static strength compared to concentric strength can be explained by a higher genetic variation of active contractile and passive elastic pro-teins than the unique contribution of contractile components to concentric strength. This view is consistent with the higher eccentric h 2 reported in the literature in which the elastic proteins (titin, nebulin) become more important (Thomis et al., 1998) . In contrast to muscle strength, there is less variability in estimated heritability of muscle mass and other body composition parameters.
An h 2 above 85% for muscle mass phenotypes is often reported (Loos et al., 1997; Maes et al., 1996; Thomis et al., 1998) and is confirmed by this study. Table  1 shows that all muscularity indicators have transmissibilities of 90% and higher, except for circumferences of the lower limbs and trunk. The common environment is included in the upper-limit heritability, but Thomis et al. (1998) have shown that for muscle mass phenotypes the C component is small or negligible. Consequently, it can be argued that our transmissibility estimates might be close to the true genetic heritability. Body fat and adiposity estimates have lower t 2 , as expected, because of higher environmental influences such as nutrition/malnutrition and physical activity/inactivity. Family and twin studies support these findings with heritability/transmissibility estimates between 30 and 80% (Bouchard and Pérusse, 1996; Bouchard et al., 1997) .
Correlation analysis in the sib pair sample shows that only elbow strength variables have sibling correlations >0.5 (data not shown), which is only possible when shared environment (C) contributes to its variation and therefore higher transmissibility estimates are found. When the sibling correlation is <0.5, as observed for knee and trunk strength, a C can still be present, but it cannot be estimated with sib pair phenotypic information only. However, there is no a priori rationale for a higher C contribution in arm strength measures than for leg or trunk strength, so it is not clear why the transmissibility estimates of arm strength found in this study are so high.
Differences in body weight and physical activity (PA) could provide a possible explanation: the lower limbs are used every day, but some people are more active than others. In addition, since lower limbs carry the body's weight, the effect of differences in PA on leg strength can become even larger. In contrast, the arms do not carry the body's weight and the physical activity pattern in today's society has shifted toward the sedentary. Hence it can be assumed that the contribution of unique environment to the total variance of arm strength is much smaller and therefore the proportion of genes (Vg) and shared environment (Vc) can rise to 96% (Figure 1 : t 2 maximal static torque elbow). Again, given the lack of twin data for estimating shared environment, no final conclusion can be drawn as to the unique contribution of C, E, and G.
Since a few phenotypes in the Leuven Genes for Muscular Strength (LGfMS) data set were equal to those taken in the Twin & Training (T&T) data set, it was interesting to examine the estimates in both groups ( Table 2 ). The same model (GE) was the best-fitting one for anthropometric variables for which a GCE model did not improve the fit significantly. Nearly identical parameter estimates were obtained in the two samples when circumferences, muscle areas, and BMI were compared. On the other hand, in LGfMS a GCE model fit the arm strength phenotypes significantly better than did a GE model in T&T. Given that genes and shared environment make people more alike while unique environment creates differences between people, it can be argued that the sum of G and C components in the GCE model should be approximately the same as the G in the GE model or the C in the CE model. For strength data, the sum of G and C of the maximal isometric torque in LGfMS is indeed comparable with the G estimate in T&T (Table 2) , but this is not true for concentric strength. However, differences in sample composition (twins vs. sib pairs), sample size, angles, dynamometers (Cybex in LGfMS vs. Promett in T&T), and time of registration of peak torque (peak torque in total range of motion in LGfMS vs. at a specific angle in T&T) made G, C, and E estimates less comparable for these concentric strength phenotypes.
Within the T&T data set, the parameter estimates of the two software programs QTDT and Mx could be compared; Table 2 shows that the point estimates for G (the polygenic component) in QTDT falls within the confidence intervals of the parameter estimates in Mx, indicating similar estimates with both programs.
Stepwise regression was performed on all strength variables, and fat-free mass was the main determinant for knee and trunk strength ( Table 3 ). The larger part of the total variance was explained by FFM, while only a small, almost negligible percentage of the variance was explained by age, somatotype, and sometimes region-specific circumferences. Age was not significantly correlated with muscle strength in this homogenous young sample, ages 18 to 35 years (data not shown); nevertheless, it did enter the regression equation on most occasions. This was consistent with most of the research on aging (Izquierdo et al., 2001; Landers et al., 2001; Lindle et al., 1997; Metter et al., 1999) , but it was not expected in this young sample since muscle strength has reached a relative stable period after growth in puberty and before the definite decline at about age 45-50 (Lindle et al., 1997; Metter et al., 1999) . When FFM was omitted from the regression analyses, the number of independent variables in the regression equations increased but the proportion of explained variance did not.
Variability in elbow strength is best explained by a region-specific muscle mass parameter, circumference forearm (Table 3 ), but total explained variance was slightly lower, around 30%, for elbow strength measures than for knee and trunk strength. Two possible explanations can be given for the circumference forearm being the most important determinant of elbow strength. First, it is a better indicator of muscle mass than circumference upper arm, which is more biased by subcutaneous fat. Second, the anatomical neutral position of the hand was not optimal for the flexion of m. biceps humerus, in turn inducing a compensation of the m. brachioradialis, which largely determines the circumference of the forearm. Variability in endurance ratio could not be adequately explained by anthropometrical variables, age, or somatotype (Table 3) . This phenotype appears to be a different dimension of muscle strength than the maximal torque in short isometric or concentric contractions. Hormones and metabolic enzymes for energy supply should be taken into account in further studies, but a motivational factor might also explain the variability in endurance-related phenotypes.
Strength training and physical activity are expected to influence muscle traits. It appears that the sport index of the Baecke questionnaire (Baecke et al., 1982) was not a determinant of muscle strength or mass in the multiple regression analysis (Table 3) . Also, there was no significant correlation of the sport index scores with strength parameters (data not shown). Three reasons for this observation can be given. First, since participation in this study was voluntary, and at least two brothers had to be motivated to come to the laboratory for strength tests, skewness toward the more physically active or "strength minded" subjects was anticipated. Although 179 subjects (23.9%) were not involved in any sport activity, the rest were involved: 32.4% in one sport, 27.1% in two sports, and 16.6% in three sports. This rather high percentage of sports participation could explain the lack of correlation with muscle mass or strength.
Second, the effect of PA on muscle strength could be indirect through hypertrophy of the muscle, therefore masking the influence of PA on muscle strength. This is in accordance with our results that FFM is the primary determinant of muscle strength. Finally, the indices of the Baecke questionnaire are based on MET values of activities and do not differentiate between power sports (e.g., strength training, judo) and endurance sports. For example, long-distance runners will generally not score well on maximal strength tests but they do achieve a high score on the sport index. A more specific index must be developed for power sports to determine whether physical activity that is more closely focused on muscle strength or power is a true determinant of muscle strength. Probably a combination of these factors will explain the lack of association between sports-oriented PA and muscle strength in this study.
In conclusion, upper-limit heritabilities of isometric muscle strength measures are higher than t 2 for concentric strength at all tested muscle groups. Muscularity indicators are highly transmissible with t 2 > 90% whereas adiposity indicators have lower t 2 estimates (<70%), probably due to higher unique environmental factors such as differences in diet and physical activity between family members. For muscle mass phenotypes and BMI, similar G and E estimates were found in both LGfMS and T&T samples, but inconsistency was observed when parameters for muscle strength were considered. Stepwise multiple regression showed that fat-free mass was the main anthropometric determinant of muscle strength. Total explained variance ranged between 28 and 49%, and partial R 2 showed that age, circumferences, or somatotype components contributed only marginally. No influence of physical activity on variability in muscle strength or mass could be noted by the Baecke general sport index, but a more strength sport-oriented index should be developed for future research.
